We investigated interrelations of dormancy and freezing tolerance and the role of endogenous abscisic acid (ABA) in the development of silver birch (Betula pendula Roth) ecotypes in controlled environments. Short-day treatment induced growth cessation, bud set and dormancy development, as well as initiation of cold acclimation and an increase in freezing tolerance. Subsequent low temperature and short days (12-h photoperiod) resulted in a significant increase in freezing tolerance, whereas bud dormancy was gradually released. The concentration of ABA increased in response to short days and then remained high, but ABA concentrations fluctuated irregularly when the dormant plants were subsequently exposed to low temperature during short days. Although there was a parallel development of freezing tolerance and bud dormancy in response to short days, subsequent exposure to low temperature had opposite effects on these processes, enhancing freezing tolerance and releasing dormancy. Compared with the southern ecotype, the northern ecotype was more responsive to short days and low temperature, exhibiting earlier initiation of cold acclimation, growth cessation and an increase in ABA concentrations in short days, and higher freezing tolerance, faster dormancy release and greater alteration in ABA concentrations when subsequently exposed to low temperature during short days. The rates and extent of the increases in ABA concentration may be related to increases in freezing tolerance and dormancy development during short days, whereas the extent of the fluctuations in ABA concentration may play an important role in enhancing freezing tolerance and releasing dormancy during a subsequent exposure to low temperature during short days.
Introduction
In woody plants native to cold and temperate regions, acclimation to low temperatures involves a two-step process. In the first step, a short-day photoperiod in early autumn at nonfreezing temperatures is required to induce growth cessation and bud set. In the second step, low temperatures and freezing provide the stimuli to increase freezing tolerance (Weiser 1970, Sakai and Larcher 1987) . When dormancy is established, it effectively prevents growth during warm periods in late fall. Freezing tolerance has frequently been related to the depth and duration of the dormant period (Levitt 1980) ; however, this correlation does not exist in all plants. Some plants can become dormant without possessing any freezing tolerance, whereas other plants survive cold winters without dormancy, or develop cold hardiness and dormancy asynchronously (Irving and Lanphear 1967, Levitt 1980) . Freezing tolerance depends on more than one factor. Stushnoff and Junttila (1986) investigated seasonal cold-stress tolerance in several woody species and found that trees tolerated -40°C in April after full dormancy release. Thus, the relationship between freezing tolerance and dormancy is complex.
Abscisic acid (ABA), a stress-inducible plant hormone and growth inhibitor, has frequently been studied as a potential mediator of cold acclimation (Skriver and Mundy 1990 , Davies and Jones 1991 , Giraudat et al. 1994 , Li et al. 2002 , 2004a , 2004b . In birch, short days lead to increased freezing tolerance, decreased water content and accumulation of ABA (Welling et al. 1997 , Rinne et al. 1998 , Li et al. 2003a ). Furthermore, application of ABA alone enhances freezing tolerance in both herbaceous (Chen and Gusta 1983, Lång et al. 1989 ) and woody species (Welling et al. 1997 , Baldwin et al. 1998 , Li et al. 2003b .
Dormancy of woody plants in cold and temperate regions allows survival during those parts of the year when climatic con-ditions are unfavorable for growth. Although the environmental control of dormancy is well established (Samish 1954 , Eagles and Wareing 1963 , Perry 1971 , Heide 1993 , Myking and Heide 1995 , Li et al. 2003c , the endogenous mechanisms of regulation are not well understood. The traditional hypothesis is that induction and release from dormancy are effected by a seasonal changing balance of growth inhibitors and promoters. Abscisic acid has been thought to play an important role in the induction and maintenance of dormancy (Harrison and Saunders 1975 , Alvim et al. 1976 , Rinne et al. 1994a , 1994b . However, its involvement has remained questionable, mainly because of inconsistent alterations in endogenous ABA concentrations during dormancy induction (Lenton et al. 1972 , Barros and Neill 1986 , Johansen et al. 1986 ) and weak responses to exogenously applied ABA (Powell 1987, Bewley and Black 1994) . Further studies are needed to obtain more conclusive evidence of the role of ABA in dormancy regulation.
Dormancy and freezing tolerance are critical for tree survival in cold and temperate regions, but their interrelations and the role of ABA in these processes are unclear. The aims of the present work were to analyze the physiological and biochemical processes underlying the development and maintenance of dormancy and freezing tolerance in response to short days and subsequent exposure to low temperature during short days in several ecotypes of silver birch (Betula pendula Roth), and to evaluate the roles of ABA in dormancy and freezing tolerance.
Materials and methods

Plant material and experimental design
Seeds of three ecotypes of silver birch (Betula pendula Roth) from contrasting habitats, i.e., northern (Kittilä), central (Viitasaari) and southern (Estonia) ecotypes (Table 1) , were germinated and grown in a phytotron at 18°C with long days (24-h photoperiod), with daylight supplemented by artificial light to give a photosynthetic photon flux of 150-200 µmol m -2 s -1 at 400-740 nm (Phillips TL 65W/83 fluorescent lamps). Soil water content was restored to field capacity daily by supplying an amount of water equal that lost through transpiration. Twenty-two weeks after sowing, when seedlings had formed an average of 30 nodes and were about 60-70 cm tall, 150 healthy seedlings of each ecotype were selected. Half of the seedlings (short day controls) were transferred to short days (12-h photoperiod) at a constant 18°C for 12 weeks. The remaining seedlings (low temperature treatment) were subjected to short days at 18°C for 4 weeks and then subjected to a hardening-dehardening cycle in short days of 3 weeks at 6°C and 3 weeks at 0.5°C followed by 2 weeks at 18°C and long days (deacclimation period). Samples of the short-day controls were collected at 0, 1, 2, 4, 7, 10 and 12 weeks. Samples of the low-temperature-treated seedlings were collected after 1 and 3 weeks at 6°C, after 1 and 3 weeks at 0.5°C, and after 2 weeks at 18 °C.
Measurements of growth and tissue water content
We recorded apical shoot elongation, number of new leaves and nodes, and the presence or absence of a terminal bud every second day during the short-day treatment. The date of bud set, defined as the date when the first leaf had folded, was recorded. Water content of tissues was calculated as % of fresh mass after drying the samples at 80°C for 24 h. At each sampling, 10 replicates of buds and stem were collected.
Determination of freezing tolerance
Freezing tolerance was determined by measuring the extent of freezing injury by the ion-leakage method (Sukumaran and Weiser 1972) . Results were expressed as SLT 50 , the temperature at which 50% of the cellular solutes are lost. Freezing tolerance of stem tissue was measured in the uppermost 15 cm of the stem of four seedlings per ecotype and sampling time. Each stem was cut into 3-cm pieces, and the stem pieces from the four seedlings per ecoptype were pooled and randomly divided among different freezing temperature treatments and placed in wet sand. Samples were kept at 0°C overnight and then frozen in an auto-controlled freezer at a rate of 3°C h -1 to the desired temperature, then thawed overnight at 4°C. The lowest freezing temperature to which the samples were subjected varied between -15 and -50°C according to plant acclimation status. Conductivity (R 0 ) was measured after shaking the samples (three stem pieces in 5 ml of deionized water per sample) for 2 h at room temperature (300 rpm). To measure total conductivity (R 1 ), stems were held at 120°C for 30 min, cooled to room temperature and shaken for 2 h at 300 rpm. Ion leakage was calculated as (R 0 /R 1 )100.
Measurement of dormancy status
Depth of dormancy was estimated indirectly as budbreak response under forcing conditions. Five seedlings per ecotype, treatment and sampling time were cut into 50 single-node pieces and held with the basal end in water at 18°C in a 24-h photoperiod for 3 weeks as described by Rinne et al. (1998) . Bud burst was defined as the date when the first leaf unfolded. 1564 LI ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Quantitative analysis of ABA Three replicate samples from the shoot apex for each ecotype and sampling time were analyzed for ABA as described by Li et al. (2002) . Samples were weighed, frozen in liquid nitrogen and freeze-dried. Lyophilized samples, 30-50 mg DM , were each homogenized in 5 ml of 50 mM sodium phosphate buffer, pH 7.0, with 0.02% sodium diethyldithiocarbamate as the antioxidant and 30 ng [ 2 H 4 ]-ABA as the internal standard. The samples were extracted for 2 h at 4°C with shaking and then centrifuged. The supernatant was adjusted to pH 2.7, shaken with 150 mg Amberlite XAD-7 (Acros Organics, Geel, Belgium ) for 30 min at 4°C, the buffer removed by pipetting carefully, and the Amberlite washed with 2 × 4 ml 1% acetic acid. The Amberlite was dried in a SpeedVac, ABA was eluted from the Amberlite with 2 × 2.5 ml of dichloromethane with shaking for 30 min each time at 4°C, and evaporated to dryness in a SpeedVac. The dried samples were methylated with ethereal diazomethane, reduced to dryness, then dissolved in 100 µl of 50% MeOH and subjected to high performance liquid chromatography (HPLC). A 100 × 8 mm i.d. Novapak C18 column (4-µm particle size) (Waters, Milford, MA) was operated at 25°C. The mobile phase was a 20-min linear gradient of 30 to 70% methanol in water. The flow rate was 2 ml min -1 and a 2-min fraction (retention time 16.2-18.2, ABA eluted at 17.2 min) was collected and reduced to dryness (SpeedVac). We measured ABA by gas chromatography-mass spectrometry as described by Jensen et al. (1986) with selective ion monitoring (SIM). Ions at 190.1 and 194.1 were monitored and the amount of ABA in the sample was calculated based on a standard curve drawn from the area ratios of known amounts of ABA and [ 2 H 4 ] ABA. The endogenous ABA concentration was expressed in µg g FM -1 .
Statistical analysis
Analyses of variance (ANOVA) for the independent variables were used to test for differences between ecotypes in the same treatment. Statistical analyses were done with the SYSTAT statistical software package (SPSS Science, Chicago, IL).
Results
Growth and water content of tissues
Long-day treatment sustained shoot elongation, whereas short days induced growth cessation and formation of terminal buds.
The ecotypes differed in their responses to long days and short days. The northern ecotype elongated slightly faster than the southern ecotype during long days. After 22 weeks of long days following sowing, seedlings of the southern, central and northern ecotypes were 62.9, 66.5 and 68.3 cm tall, respectively. However, growth of long day plants of all ecoptypes ceased within 2 weeks of the transfer to short days. Growth ceased after 6 short days in the northern ecotype and after 12 short days in the southern ecotype (Figure 1 ). Water content of buds rapidly decreased in response to short days in all ecotypes, although the northern ecotype showed an earlier decrease in water content than the southern ecotype ( Figure 2A ). Bud water content further decreased after 1 week of low temperature during short days and thereafter showed slight fluctuations in the low-temperature-treated seedlings; however bud water content increased significantly during 2 weeks of deacclimation in long days at +18°C ( Figure 2B) . A similar pattern of change in water content was observed in the stem (data not shown).
Cold acclimation and freezing tolerance
Short-day treatment caused growth cessation, bud set, initiation of cold acclimation and an increase in freezing tolerance. However, the rate and extent of freezing tolerance differed among ecotypes. Short days induced an earlier initiation of cold acclimation in the northern than the southern ecotype. The northern ecotype initially had a higher freezing tolerance than the southern ecotype in response to short days, but freezing tolerance in all ecotypes reached similar values after 4 weeks of short days ( Figure 3A ). After dormant plants were exposed to low temperatures, freezing tolerance increased significantly in all ecotypes; however, the northern ecotype always had a higher freezing tolerance than the southern ecotype. After 2 weeks of deacclimation, freezing tolerance had decreased more in the northern than in the southern ecotype ( Figure 3B ).
Dormancy development and release
Generally, development of dormancy in lateral buds started after the induction of apical growth cessation. There was great variation in timing of dormancy induction among the ecotypes. The northern ecotype initially showed earlier dormancy development than the southern ecotype in response to short days. Two weeks of short days reduced bud break to almost one third in the northern ecotype, but had no effect on bud break in the southern ecotype, with all buds on the seedlings breaking. However, 4 weeks of short days completely pre- Figure 1 . Growth in Betula pendula seedlings (᭡, and ᭹ denote the southern, central and northern ecotypes, respectively) as affected by short-day treatment (18°C with a 12-h photoperiod). Values are means ± SE of 10 replicates. Asterisks indicate significant differences between the ecotypes tested at P < 0.05 (*) and P < 0.01 (**).
vented bud burst in all ecotypes ( Figure 4A ). When the dormant plants were subjected to 3 weeks at 6°C, followed by 3 weeks at 0.5°C, dormancy was gradually broken. Breaking of dormancy occurred earlier in the northern ecotype than in the southern ecotype ( Figure 4B ).
Endogenous ABA concentrations
Short days also increased ABA concentrations in the shoot apex of all ecotypes, but at rates that differed among ecotypes. Initially, the northern ecotype accumulated more ABA than the southern ecotype in response to short days. However, there were no differences in ABA concentrations among ecotypes after 4 weeks of short days ( Figure 5A ). Concentrations of ABA further increased after 1 week at low temperature and short days; however, subsequent low-temperaure treatment induced fluctuations in ABA concentrations, and the fluctuations were greater in the northern ecotype than in the southern ecotype. The concentration of ABA decreased significantly during the 2-week deacclimation period in all ecotypes studied ( Figure 5B ).
Discussion
Because the length of the growing season varies altitudinally, woody plants in cold and temperate regions, display adaptive responses that often differ between the northern and southern ecotypes of the same species. For example, in the Northern hemisphere, trees from southern locations typically require a shorter day length to induce growth cessation and bud set than trees from northern locations (Junttila 1980 , 1982 , Howe et al. 1995 , Li et al. 2003a . Consequently, northern ecotypes initiate dormancy earlier in the year and are better adapted to the short growing seasons found at higher latitudes than southern ecotypes. Consistent with this, we observed large ecotypic dif-1566 LI ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Figure 2 . Bud water content of Betula pendula seedlings (᭡, and ᭹ denote the southern, central and northern ecotypes, respectively) as affected by photoperiod and temperature treatments (A: 18°C with a 12-h photoperiod (short-day treatment (SD)) for 12 weeks; B: hardening-dehardening cycle: 4 weeks at 18°C in SD, 3 weeks at 6°C in SD, 3 weeks at 0.5°C in SD and 2 weeks at 18°C in a 24-h photoperiod (long-day treatment)). Values are means ± SE of 10 replicates. Asterisks indicate significant differences between the ecotypes tested at P < 0.05 (*) and P < 0.01 (**). 18°C with a 12-h photoperiod (short-day treatment (SD)) for 12 weeks; B: hardening-dehardening cycle: 4 weeks at 18°C in SD, 3 weeks at 6°C in SD, 3 weeks at 0.5°C in SD and 2 weeks at 18°C in a 24-h photoperiod (long-day treatment)). Values are means ± SE of four replicates. Asterisks indicate significant differences between the ecotypes tested at P < 0.05 (*) and P > 0.01 (**).
ferences of B. pendula seedlings from northern and southern ecotypes when grown under the same environmental conditions. Generally, the northern ecotype was more responsive to short days and low temperature than the southern ecotype. Thus, exposure to short days resulted in earlier growth cessation and dormancy development, earlier initiation of cold acclimation, and an earlier increase in ABA concentration in the northern ecotype than in the southern ecotype. When dormant seedlings were exposed to low temperature during short days, higher freezing tolerance, quicker dormancy release and greater fluctuations in ABA concentration were observed in the northern ecotype than in the southern ecotype. We found a parallel development of freezing tolerance and bud dormancy during short days in all B. pendula ecotypes. Thus, initiation of dormancy and freezing tolerance may be partially regulated by interdependent signaling pathways that are responsive to day length. However, when the dormant plants were exposed to low temperature, the relationship between dormancy and freezing tolerance changed completely, with freezing tolerance increasing significantly along with a gradual release of dormancy. Consistent with these findings, Stushnoff and Junttila (1986) , who investigated seasonal cold-stress resistance in several woody species from northern Norway, found that maximum hardiness was obtained from December to February and that some trees could tolerate -40°C in April after full dormancy release, indicating that high freezing tolerance can be maintained after alleviation of dormancy if temperatures remain low. Similar results have been reported in many studies (e.g., Welling et al. 1997 , Rinne et al. 1998 , Li et al. 2003c . Therefore, we conclude that development of dormancy and freezing tolerance may partially overlap under short-day conditions, but the mechanisms regulating dormancy release and increases in freezing tolerance during subsequent low temperatures clearly differ. . Bud break in Betula pendula seedlings (᭡, and ᭹ denote the southern, central and northern ecotypes, respectively) as affected by photoperiod and temperature treatments (A: 18°C with a 12-h photoperiod (short-day treatment (SD)) for 12 weeks; B: hardening-dehardening cycle: 4 weeks at 18°C in SD, 3 weeks at 6°C in SD, 3 weeks at 0.5°C in SD and 2 weeks at 18°C in a 24-h photoperiod (long-day treatment)). Values are means ± SE of five replicates. Asterisks indicate significant differences between the ecotypes tested at P < 0.05 (*) and P < 0.01 (**). Figure 5 . Abscisic acid (ABA) concentrations in shoot apices of Betula pendula seedlings (᭡, and ᭹ denote the southern, central and northern ecotypes, respectively) as affected by photoperiod and temperature treatments (A: 18°C with a 12-h photoperiod (short-day treatment (SD)) for 12 weeks; B: hardening-dehardening cycle: 4 weeks at 18°C in SD, 3 weeks at 6°C in SD, 3 weeks at 0.5°C in SD and 2 weeks at 18°C in a 24-h photoperiod (long-day treatment)). Values are means ± SE of three replicates. Asterisks indicate significant differences between the ecotypes tested at P < 0.05 (*) and P < 0.01 (**).
There is increasing evidence that ABA mediates cellular adaptation to environmental stress. Endogenous ABA concentrations increase before the development of freezing tolerance induced by drought or low temperature (Lång et al. 1994 , Welling et al. 1997 , Li et al. 2002 , and applied ABA may compensate for a shortage of endogenous ABA (Lång et al. 1989 , Tamminen et al. 2001 , Li et al. 2003b ). In our study, short days induced freezing tolerance and an increase in ABA concentrations synchronously within 2 weeks in all B. pendula ecotypes. Both ABA and freezing tolerance remained at constant high values during subsequent short days. However, when the dormant plants were exposed to low temperature and short days, a transient ABA peak appeared during the first week, and freezing tolerance increased significantly. A role of elevated ABA concentration in freezing tolerance of birch is also supported by earlier experiments with exogenous and endogenous ABA, and fluridone, an inhibitor of ABA biosynthesis (Welling et al. 1997 , Li et al. 2003b ). In addition, ABA concentrations increased concomitantly with cold acclimation during short days in B. pendula seedlings, suggesting that ABA may be involved in the transduction of the photoperiodic signals regulating cold acclimation (Welling et al. 1997 , Li et al. 2003a ). The results of these studies demonstrate that endogenous ABA may play a role in freezing tolerance of birch.
We found that short days induced increases in ABA concentration and dormancy development in all B. pendula ecotypes. Under subsequent short days, plants remained completely dormant and endogenous ABA concentrations remained high. These observations suggest that enhanced biosynthesis of ABA may induce and maintain dormancy. Consistent with this view, Fladung et al. (1997) demonstrated that transgenic poplar clones with low ABA concentrations displayed earlier bud break than untransformed control plants. Rinne et al. (1994b) showed that bud break in Betula pubescens Ehrh. could be delayed by application of synthetic ABA. However, the role of ABA in the maintenance of dormancy has been questioned because ABA concentrations do not decline during dormancy release (Powell 1987, Bewley and Black 1994) . Moreover, we found that subsequent exposure of seedlings to low temperature during short days resulted in fluctuations in ABA concentration, and the concentration of ABA was not significantly reduced after dormancy release. Based on our results and those of previous studies, it appears that a reduction in ABA concentration does not play an important role in bud dormancy release. However, the observed fluctuations in ABA concentration may have a role in controlling dormancy release.
In conclusion, we have demonstrated differences in freezing tolerance, dormancy status and ABA concentrations among ecotypes under controlled environmental conditions. Compared with the southern ecotype, the northern ecotype was more responsive to short days and low temperatures, resulting in earlier initiation of cold acclimation, growth cessation and an increase in ABA concentrations during short days, and higher freezing tolerance, faster dormancy release and greater alteration in ABA concentrations at subsequent low temperatures. We also found that ABA concentrations increased concomitantly with cold acclimation and growth cessation during short days and remained high during continued short days. Subsequent exposure to low temperature during short days resulted in fluctuations in ABA concentration that occurred as freezing tolerance increased and dormancy was released. We did not determine if the changes in ABA concentrations that coincided with short-day and low-temperature treatments were directly involved in dormancy induction or release.
